Introduction
============

It is well known that mesial temporal structures and particularly the hippocampus play an important role in human memory. In case of the most common epilepsy diagnosis in adults, which is mesial temporal lobe epilepsy (MTLE), seizure activity is generated from the same structures. It has repeatedly been proven that surgery is the definitive treatment for medically intractable MTLE, with approximately 50% of patients seizure-free at 10 years.[@b1-ndt-11-2927] However, memory impairment is an anticipated sequela in the surgical treatment of MTLE.[@b2-ndt-11-2927] The first case to illustrate the clear connection between memory and the temporal lobes was published by Scoville and Milner, who reported profound amnesia following bi-temporal lobectomy.[@b3-ndt-11-2927] According to the material-specific model of human memory, the dominant hemisphere is specialized for the learning and recall of verbal information, whereas the non-dominant hemisphere is specialized for the learning and recall of nonverbal information.[@b4-ndt-11-2927] Therefore, cognitive decline is usually material-specific to the side of resection. Verbal memory decline typically occurs after left-sided operations.[@b2-ndt-11-2927],[@b5-ndt-11-2927] On the contrary, visual memory deficits have been reported after right-sided operations in some studies, but not in others.[@b6-ndt-11-2927]

Open microsurgical techniques, such as anterior temporal lobectomy and selective microsurgical amygdalohippocampectomy, have been used for the treatment of MTLE for many years.[@b7-ndt-11-2927] At our epilepsy center, we have also used stereotactic radiofrequency amygdalohippocampectomy (SAHE) for the treatment of MTLE since 2004.[@b8-ndt-11-2927] The stereotactic radiofrequency technique uses a Leksell stereotactic system with a coordinate frame attached to the patient's head, as well as magnetic resonance imaging (MRI) neuronavigation. The amygdalohippocampal complex (AHC) is targeted from occipital access. Thermocoagulative lesions are created in the long axis of the AHC by a string electrode with a flexible 10 mm bold active tip. The local temperature depends on the probe thickness.[@b8-ndt-11-2927] As was published in the previous studies, long-term seizure outcomes following SAHE are comparable with open surgical approaches.[@b9-ndt-11-2927] It has been reported previously that approximately 70% of patients were assessed as Engel Class I 5 years after stereotactic surgery.[@b9-ndt-11-2927] It has also been shown that SAHE does not result in neuropsychological deficits[@b9-ndt-11-2927],[@b10-ndt-11-2927] and causes only partial destruction of target structures in the mesial temporal lobe.[@b10-ndt-11-2927] Partial destruction of target structures allows comparison between the residual hippocampal and amygdalar volumes and postoperative changes in memory parameters, which is the aim of the present study.

Materials and methods
=====================

Patient selection
-----------------

Inclusion criteria for the present study were as follows: 1) patients with MTLE treated by SAHE between 2004 and 2012; 2) patients recruited, treated, and followed at our center; 3) completed preoperative and 1 year posto perative MRI; and 4) completed preoperative and 1 year postoperative neuropsychological examinations including all memory subtests. Thirty-seven MTLE patients treated by SAHE fulfilled the inclusion criteria. Prior to SAHE, all subjects provided signed, informed consent to participate in the study, including the publication of anonymized data. The study was approved by the local Ethical Committee at Na Homolce Hospital (Prague, Czech Republic).

Neuropsychological evaluation
-----------------------------

All patients were scheduled for neuropsychological assessment preoperatively and 1 year postoperatively. Memory was tested by the Wechsler Memory Scale -- Revised, which consists of 12 subtests, from which the following five composite scores were derived: general memory, attention/concentration, verbal memory, visual memory, and delayed recall.[@b11-ndt-11-2927] Hand laterality was tested preoperatively by the lateral dominance examination.[@b12-ndt-11-2927] Patients were scheduled for the WADA test (intracarotid sodium amobarbital procedure) preoperatively; however some subjects refused this invasive procedure.

MRI methods
-----------

Preoperative diagnostic MRI examinations and postoperative MRI follow-up examinations were performed on a 1.5 T whole body MRI system. In addition to common diagnostic sequences, a T1 three-dimensional (3D) volume acquisition sequence (voxel size 1.0×1.0×1.0 mm, slab one, slices per slab 176) was obtained. The diagnosis of hippocampal sclerosis was made from MRI hippocampal volumetry and visual assessment of the signal intensity of the hippocampus. Hippocampal and amygdalar volumetry was performed according to a well-defined protocol.[@b13-ndt-11-2927],[@b14-ndt-11-2927] Right and left hippocampal volumes were measured separately on preoperative T1 3D sequences obtained the day of the operation or several days before, and from the scans obtained 1 year after surgery. From the T1 3D sequence, multiplanar reconstructions in the coronal plane were performed with a slice thickness of 2 mm. The volumes were segmented manually and calculated with software developed in-house for a standard work console. Anatomical hippocampal boundaries were determined by the following criteria. The appearance of the mammillary bodies was used as a landmark to demarcate roughly where the amygdala begins to appear when navigating the brain from posterior to anterior. Moving anteriorly, amygdalar gray matter begins to extend superiorly to the hippocampus with good resolution, the lateral ventricle can be seen between the hippocampus and amygdala. Sagittal views aided in this demarcation. The posterior border was demarcated by the clearest appearance of the fornix. The lateral border was defined by the temporal horn of the lateral ventricle and/or the white matter adjacent to hippocampal gray matter. The inferior border was demarcated by the white matter of the parahippocampal gyrus. The extent of resection or tissue destruction was calculated as the percent difference between preoperative and postoperative volumes. One experienced rater did each measurement twice and the mean value of these measurements was used in analyses.

Statistics
----------

The data were analyzed using the R statistical package.[@b15-ndt-11-2927] Data were summarized using the mean ± standard deviation. Differences between preoperative and postoperative neuropsychological results were evaluated using the paired Wilcoxon test. We tested the effect of hippocampal and amygdalar volume reduction on memory performance with Spearman correlation. *P*-values \<0.05 were considered statistically significant.

Results
=======

Patient selection and MRI volumetry data
----------------------------------------

Thirty-seven MTLE patients treated by SAHE (ten right-sided, 27 left-sided) were included. Patient inclusion data and MRI volumetry results are summarized in [Table 1](#t1-ndt-11-2927){ref-type="table"}. [Figure 1](#f1-ndt-11-2927){ref-type="fig"} demonstrates typical MRI findings preoperatively and 1 year after SAHE.

Neuropsychological outcomes
---------------------------

Patients receiving right-sided SAHE improved significantly in global memory quotient (MQ) (11.4±13.6, *P*=0.04), verbal MQ (13.6±12.2, *P*=0.01), and delayed recall (16.3±14.4, *P*=0.004). Visual MQ and attention/concentration data remained stable. No significant changes in memory were detected following left-sided SAHE.

Hippocampal and amygdalar reduction versus neuropsychological changes
---------------------------------------------------------------------

We tested the effect of hippocampal and amygdalar volume reduction on postoperative change in memory performance with Spearman correlation. Using this analysis we found significant correlation results. Larger left-sided hippocampal reduction in the SAHE group was associated with a decrease in verbal memory performance (ρ=−0.46; *P*=0.02). On the contrary, improvement of global MQ was positively related to right-sided hippocampal reduction (ρ=0.66; *P*=0.04). Similarly, positive correlations between right amygdalar reduction and verbal MQ (ρ=0.74; *P*=0.02) and global MQ change (ρ=0.69; *P*=0.03) were found. We found no correlation between the extent of left amygdalar reduction and changes in memory performance. Spearman correlation results between hippocampal reduction and memory changes are summarized in [Tables 2](#t2-ndt-11-2927){ref-type="table"} and [3](#t3-ndt-11-2927){ref-type="table"}. A series of graphs ([Figure 2](#f2-ndt-11-2927){ref-type="fig"}) illustrates the relationship between changes in a particular memory outcome and reduction of the hippocampus and amygdala.

Discussion
==========

In the present study, we evaluated correlations between memory outcomes and remnant hippocampal and amygdalar volumes in MTLE patients treated by mini-invasive SAHE. SAHE clearly differs from open surgical procedures; the destruction of target structures after SAHE is asymmetrical and only partial. The posterior portion of the remnant hippocampus, untouched by thermocoagulation, is significantly longer than in anterior temporal resection.[@b10-ndt-11-2927] The longer posterior hippocampal remnant, together with partial destruction of the rest of the AHC and a completely spared lateral neocortex, may explain good neuropsychological outcomes.[@b10-ndt-11-2927] Although SAHE spares mesial temporal structures and causes only partial destruction of target structures, it provides comparable seizure outcomes to open surgery and does not cause postoperative memory impairment.[@b9-ndt-11-2927],[@b10-ndt-11-2927] Thus, SAHE treatment may potentially expand our understanding of human memory in MTLE patients.

We found a significant relationship between memory parameters and volumes of the remnant hippocampus and amygdala. We found significant correlation between global MQ change after SAHE and right-sided hippocampal reduction, and negative correlation in verbal MQ change and left-sided hippocampal reduction. Larger left-sided hippocampal reduction was associated with lower verbal memory performance; on the contrary, larger right-sided hippocampal reduction was associated with better global MQ. Larger right amygdalar reduction was associated with higher global and verbal MQ change after SAHE.

The significant correlation between larger left-sided hippocampal reduction and lower verbal memory performance is not surprising. According to the material-specific model of human memory, the dominant hemisphere is specialized for the learning and recall of verbal information.[@b4-ndt-11-2927] Verbal memory impairment after left-sided open surgical procedures is well known[@b2-ndt-11-2927] and it has been repeatedly proven that selective approaches in MTLE bring better cognitive outcomes then anterior temporal lobectomy.[@b16-ndt-11-2927]--[@b18-ndt-11-2927] Thus, our results in patients after left-sided SAHE are in agreement with those reported previously.

Correlations between both hippocampal and amygdalar reductions and memory changes in patients after right-sided procedures are not easily explained. The amygdala plays an important role in the regulation of emotions and behavior, as well as in the modulation of cognitive functions.[@b19-ndt-11-2927] However, we did not test emotional memory in our patients. According to the literature, the amygdala may be responsible for fear during seizures and for prolonged postictal confusion.[@b19-ndt-11-2927] Amygdalar destruction in the non-dominant hemisphere in seizure-free patients may improve emotional regulation and reduce stress and fear. These factors may positively influence the process of learning. However, this is only speculative. Amygdalar reduction was likely connected with hippocampal reduction, thus larger destruction of whole AHC would be related to better verbal and global memory outcome. These results are in line with previously published studies based on neuropsychological, noninvasive and invasive neurophysiological data, and functional and morphologic imaging.[@b20-ndt-11-2927] Temporal lobe epilepsy (TLE) is increasingly recognized as a dysfunction of large-scale neuronal networks.[@b21-ndt-11-2927] These networks are asymmetrically distributed and organized in left and right TLE. Frequently, cognitive impairment affects contralateral temporal and frontal functions.[@b22-ndt-11-2927] Thus, TLE cannot be considered a well lateralized temporal dysfunction. In right TLE patients, a global decrease in left hemisphere functional activity was found.[@b23-ndt-11-2927] Furthermore, interictal epileptiform discharges and seizures may transiently worsen these deficits.[@b24-ndt-11-2927] Recently, fast-varying behavior of epileptic networks during interictal spikes in right and left TLE at a whole-brain scale using directed connectivity has been evaluated.[@b25-ndt-11-2927] The authors found a different network pattern between both conditions. The contralateral spread was much more prominent in right TLE compared to the left TLE. In line with this observation was the finding that half of the right TLE patients and none of the left TLE patients had neuropsychological deficits consistent with contralateral temporal lobe dysfunction. This observation suggests a relationship between connectivity changes and cognitive deficits. These observations may explain our results. We hypothesized that left temporal lobe, released from epileptic activity spreading from the right, could support memory more effectively after larger right-sided destruction.

The present study has several important limitations. Due to its retrospective design, the subgroups were not comparable as most SAHE patients underwent operations on the left side. Patients underwent only standard Wechsler memory tests and their emotional memory was not tested. Moreover, not all patients underwent the WADA test. Hand laterality does not prove hemispherical dominance and substitute for the WADA test.

Conclusion
==========

Memory outcomes likely depend on the residual volume of mesial temporal structures. Larger left-sided hippocampal reduction was associated with lower verbal memory performance. This finding is expected, according to the memory-specific model. In right-sided correlations, we hypothesize that the left temporal lobe, released from epileptic activity spreading from the right, could support memory more effectively after larger right-sided destruction.
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![Right MTLE with right hippocampal sclerosis: preoperative MRI and MRI 1 year after SAHE.\
**Notes:** (**A**) Preoperative MRI in a patient with right-sided MTLE and HS. (**B**) Postoperative MRI 1 year after SAHE. One year after SAHE, only a small irregular postnecrotic pseudocyst in the medial aspect of the temporal lobe surrounded by gliosis and atrophy is present (TSE T2 WI; coronal scans are situated perpendicular to the long axis of the hippocampus and go through the amygdalohippocampal complex).\
**Abbreviations:** MRI, magnetic resonance imaging; MTLE, mesial temporal lobe epilepsy; HS, hippocampal sclerosis; SAHE, stereotactic radiofrequency amygdalohippocampectomy; TSE T2 WI, turbo-spin echo T2 weighted images.](ndt-11-2927Fig1){#f1-ndt-11-2927}

![Series of graphs: relationship between change in a particular memory outcome and reduction of the hippocampus and amygdala.\
**Notes:** Graphs depict Spearman correlation between memory parameters and volumes of the hippocampus and amygdala. Right-sided procedures are shown in red, left-sided in blue.\
**Abbreviations:** MQ, memory quotient; dx, right; sin, left; SAHE, stereotactic radiofrequency amygdalohippocampectomy.](ndt-11-2927Fig2){#f2-ndt-11-2927}

###### 

Patient demographic, selection, and MRI data

  Variables                                    Right SAHE (N 10)                                  Left SAHE (N 27)
  -------------------------------------------- -------------------------------------------------- -----------------------------------------------------
  Age (years ± SD)                             39±11                                              37±11
  Sex (male/female)                            5/5                                                13/14
  Epilepsy duration (years ± SD)               22±13                                              25±13
  Education (years ± SD)                       13±3                                               12±2
  WADA test (yes/no)                           9/1                                                24/3
  Laterality (R/L/A)                           10/0/0                                             19/3/5
  Speech laterality (R/L/bilat)                0/9/0[a](#tfn1-ndt-11-2927){ref-type="table-fn"}   1/22/1[b](#tfn2-ndt-11-2927){ref-type="table-fn"}
  Memory laterality (R/L/bilat/non-specific)   0/9/0[a](#tfn1-ndt-11-2927){ref-type="table-fn"}   5/17/1/1[b](#tfn2-ndt-11-2927){ref-type="table-fn"}
  HS (+/−/bilat)                               9/1/0                                              22/4/1
  Hippocampal reduction (mean ± SD)            61.3%±11.2%                                        58.1%±22.6%
  Amygdalar reduction (mean ± SD)              51.1%±20.3%                                        49.7%±22.3%

**Notes:**

One patient did not undergo WADA tests.

Three patients did not undergo WADA tests.

**Abbreviations:** +, positive; −, negative; R, right; L, left; bilat, bilateral; A, ambiguous; HS, hippocampal sclerosis; SD, standard deviation; MRI, magnetic resonance imaging; SAHE, stereotactic radiofrequency amygdalohippocampectomy; WADA test, intracarotid sodium amobarbital procedure.

###### 

Spearman correlations between hippocampal reduction and memory change after surgery

  Memory quotients   SAHE            
  ------------------ --------------- -----------------
  Global MQ          **0.66/0.04**   −0.07/0.72
  Verbal MQ          0.56/0.09       −**0.38/0.047**
  Visual MQ          0.49/0.15       0.03/0.88
  A/C                0.14/0.7        0.24/0.21
  DR                 −0.03/0.93      −0.23/0.31

**Note:** Significant correlations (*P*\<0.05) are outlined in bold print.

**Abbreviations:** A/C, attention/concentration; DR, delayed recall; SAHE, stereotactic radiofrequency amygdalohippocampectomy; MQ, memory quotient; ρ, Spearman coefficient.

###### 

Spearman correlations between amygdalar reduction and memory change after surgery

  Memory quotients   SAHE            
  ------------------ --------------- ------------
  Global MQ          **0.69/0.03**   0.11/0.6
  Verbal MQ          **0.74/0.02**   −0.04/0.86
  Visual MQ          0.26/0.48       −0.07/0.73
  A/C                0.44/0.2        −0.24/0.22
  DR                 −0.25/0.49      −0.04/0.88

**Note:** Significant correlations (*P*\<0.05) are outlined in bold print.

**Abbreviations:** A/C, attention/concentration; DR, delayed recall; MQ, memory quotient; ρ, Spearman coefficient; SAHE, stereotactic radiofrequency amygdalohippocampectomy.
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